Campylobacter jejuni is a leading cause of bacterial-derived 23 gastroenteritis. A previous mutant screen demonstrated that the heme uptake 24 system (Chu) is required for full colonization of the chicken gastrointestinal tract. 25
develop mild to severe, bloody diarrhea that may be accompanied by fever. 67
Additionally, several post-infectious disorders have been associated with C. jejuni 68 infection, including Guillain-Barre Syndrome, post-infectious irritable bowel 69 syndrome, and reactive arthritis (2, 3). Further highlighting these concerns is 70
increasing resistance of C. jejuni to the clinically-relevant antibiotics, azithromycin 71 and ciprofloxacin, prompting the Center for Disease Control and Prevention to list 72 antibiotic-resistant C. jejuni as a "Serious Threat" to public health (1) . 73
Due to the importance of chickens in human C. jejuni infection, much 74 emphasis has been placed on identifying and characterizing factors that are 75 required for colonization of the chicken gastrointestinal tract. Previously, our 76 group has used both signature-tagged mutagenesis (STM) and insertion 77 sequencing (TnSeq) approaches to identify colonization determinants of C. jejuni 78 (4, 5). The earlier STM approach identified genes involved in chemotaxis and 79 flagellar biogenesis, but several other colonization factors were identified using 80 the TnSeq approach. One determinant identified to be reduced by 250-fold in 81 cecal outputs by TnSeq was a component of the heme utilization gene cluster, 82 chuB (Cjj81176_1602), indicating that acquiring iron from heme may be 83 important during colonization of the chicken gastrointestinal tract (4). 84
Due to the prominent redox potential of Fe 2+ /Fe 3+ , most organisms require 85 iron as a redox cofactor for enzyme complexes. Since the host often restricts 86 iron availability to limit microbial growth -a process termed nutritional immunity -87 many bacterial species have developed methods for obtaining iron from host 88 molecules, including heme (6). The heme utilization gene cluster of C. jejuni 89 consists of genes encoding a predicted TonB-dependent heme receptor (chuA), 90 a hemin ABC transporter permease (chuB), a hemin ABC transporter ATP-91 binding protein (chuC), and a periplasmic hemin-binding protein (chuD) (7) . 92 Divergently transcribed from the transport genes is a previously characterized 93 heme oxygenase, chuZ, which directly binds heme and degrades it in the 94 presence of an electron donor (7, 8) . All components of the heme utilization 95 gene cluster are required for efficient use of heme as a sole iron source and the 96 ferric uptake repressor (Fur) protein directly binds to the promoter region of the 97 gene cluster, implicating Fur as a chu locus regulator (7) . 98
These data are consistent with observations that, in most organisms, 99 intracellular iron levels are tightly regulated to avoid forming toxic hydroxyl 100 radicals and superoxide anions via Haber-Weiss-Fenton catalysis (9). C. jejuni is 101 exceptional in that it is also exquisitely sensitive to oxidative stress and, as a 102 result, adequate intracellular iron levels must be maintained as a redox cofactor. 103
While the above studies indicated that increased iron levels repress chu gene 104 expression, likely via Fur binding, no positive regulators of heme and/or iron 105 uptake have been identified. Due to the importance of iron in combating 106 oxidative stress in C. jejuni, it would be surprising if Campylobacter did not have 107 some mechanism for increasing iron uptake under unfavorable redox states. As 108 such, we hypothesized that C. jejuni likely maintains intracellular iron levels using 109 both negative regulation, as seen in previous work with Fur, and positive 110
regulation. 111
In subsequent TnSeq experiments that aimed at finding additional chicken 112 colonization determinants, a candidate regulator was identified, Cjj81176_1389 113 (unpublished data). This regulator is predicted to contain an N-terminal Per-Arnt-114
Sim (PAS) domain and a C-terminal helix-turn-helix DNA binding domain. The 115 PAS domain is a ligand-binding domain that interacts with a chemically diverse 116 array of small molecules (10). These domains, while highly divergent in primary 117 sequence identity, maintain a conserved three-dimensional architecture (10). 118
When ligand binds to a PAS domain, the protein either directly initiates a 119 signaling response or the protein-ligand complex becomes capable of responding 120 to a secondary cue, including gas molecules, photons, or redox potential (10). 121
We reasoned that since the heme utilization gene cluster and Cjj81176_1389 122 appear to be required for full colonization of the chicken gastrointestinal, and that 123
Cjj81176_1389 may be sensing intracellular redox potential, Cjj81176_1389 124 could be directly regulating chu gene expression. 125
Here we demonstrate that Cjj81176_1389 mutants are significantly 126 reduced for chicken gastrointestinal tract colonization, particularly during 127 competition with wild-type C. jejuni. Subsequent transcriptomic analysis found 128 that this regulator, hereafter referred to as HeuR (for heme uptake regulator), 129 positively influences chu gene expression, as well as other iron uptake systems. 130
Purified HeuR specifically binds the chuZA promoter region, indicating it may 131 regulate chu gene expression directly. Further, heuR mutants are unable to 132 efficiently use heme as a sole iron source and exhibit decreased levels of cell-133 associated iron. Finally, we show that loss of heuR leads to hydrogen peroxide 134 resistance, in turn due to elevated levels of catalase activity. 135
136
Results 137 138 C. jejuni lacking heuR are unable to efficiently colonize the chicken 139 gastrointestinal tract. Colonization studies using defined insertion-deletion 140 mutants were performed using day-of-hatch chicks. Animals were inoculated 141 with: 2.5X10 8 cfu wild-type C. jejuni, 1.7x10 8 cfu heuR mutant, or 1.9x10 8 chuA 142 mutant. Following 7 days of colonization, viable bacteria present within cecal 143 samples were enumerated and the medians found to be: 5.8x10 9 cfu/g for wild-144 type C. jejuni, 6.6x10 8 cfu/g for heuR, and 5.6x10 7 cfu/g for the chuA mutant. 145
The chicks that were mock infected with PBS did not yield detectable C. jejuni. 146
Statistical analysis of the medians revealed that both heuR mutants were 147 significantly decreased for colonization, but the chuA mutant was not (p = 0.1). 148
Competition analysis using the heuR mutant indicated a severe 149 competitive defect of the mutant versus wild-type C. jejuni. The heuR mutant 150 yielded a mean competitive index value of 0.004 ± 0.007, representing a 250-fold 151 decrease in colonization potential compared to wild-type C. jejuni ( Figure 1B) . 152
Statistical analysis of this competitive disadvantage was found to be significant. Mono-colonization of day-of-hatch white leghorn chicks with either wild-type C. 156 jejuni, the heuR mutant, or the chuA mutant. Cecal loads were determined using 157 selective media following a 7-day colonization. The median values are noted 158 and results compared using the Mann-Whitney U-test. (B) Competition analysis 159 of wild-type C. jejuni versus the heuR mutant. Following correction for inocula, 160 the ratio of heuR/wild-type was determined and presented as a competitive 161 index. Statistical analysis was performed using a one-sample t-test against a 162 hypothetical value of 1. 163 164 Genes involved in inorganic ion transport are underexpressed in the heuR 165 mutant. To determine the extent of the HeuR regulon, we employed 166 transcriptomic analysis of wild-type C. jejuni and heuR mutant cultures. RNAseq 167 analysis of the heuR mutant identified 43 genes whose transcripts were 168 decreased in abundance by at least two-fold compared to wild-type C. jejuni 169 (Table 1) . These values represented statistically significant decreases for all 170 genes identified. The Microbial Genomic context Viewer (MGcV) identified the 171 NCBI GI numbers for 31/43 loci and, using a cluster of orthologous group (COG) 172 analysis, assigned a functional class to 19/31 loci. Of the 19 loci for which a 173 function could be assigned, eight (42%) were involved in inorganic ion transport 174 and metabolism, including all five chu genes ( Figure 2A ). Also, amino acid 175 transport and metabolism were well represented with four loci (21%). The MGcV 176 analysis did not identify NCBI GI numbers for the enterochelin system, which was 177 also identified -iron acquisition by this system has been described in In addition to those genes that were found to exhibit reduced transcription 180 in the heuR mutant, transcriptomic analysis identified 16 genes with elevated 181 transcript abundance in the mutant ( Table 2 ). The majority of this set included 182 genes belonging to two gene clusters: Cjj81176_1390-1394 and Cjj81176_1214-183 1217. MGcV identified NCBI GI numbers for 11/16 genes and assigned 184 functions to 10/11 loci. This group is fairly diverse with the largest representation 185 belonging to the amino acid transport and metabolism COG (30%) ( Figure 2B ). 186 187 Table 1 that were found to be 195 underexpressed in the heuR mutant. (B) COGs identified for genes in Table 2  196 that were overexpressed in the heuR mutant. Both the heuR and chuA mutants were hypersensitive to iron-limiting conditions 224 when compared to wild-type C. jejuni (Supplemental Figure 1) . At 160 µM 225 desferrioxamine (DFOM), the heuR mutant with empty vector and the chuA 226 mutant with empty vector exhibited greatly reduced growth compared to their 227 behavior in iron-replete medium ( Figure 4A ). Heme added to these cultures was 228 unable to rescue growth of the heuR and chuA mutants. Complementation of the 229 heuR mutant with cloned heuR restored the ability to use heme as an iron 230 source. In contrast, cloned heuR introduced into the chuA mutant did not restore 231 heme dependent growth. Similar results were also seen using whole hemoglobin 232 ( Figure 4B ). That iron restriction is the explanation for these phenotypes was 233 supported by the restoration of growth in all strains through the addition of ferric 234 chloride ( Figure 4C ). (Table 1 ), suggesting it may play a general role in regulating iron acquisition. To 250 test this, we examined cell-associated iron levels using inductively coupled 251 plasma mass spectrometry (ICP-MS) of wild-type C. jejuni, heuR mutant, and 252 chuA mutant lysates. This analysis demonstrated that iron levels of the heuR 253 and chuA mutants significantly decreased compared to those of wild-type C. 254 jejuni ( Figure 5A) . 255
Iron levels in samples of the heuR mutant complemented with cloned 256 heuR were similar to those of wild-type C. jejuni ( Figure 5B ) (p = 0.28). Similar to 257 the results of the mutation alone, iron levels in the chuA mutant with pECO102 258
were significantly decreased compared to wild-type C. jejuni. Consistent with our 259 hypothesis that HeuR regulates iron acquisition through chu expression, when 260 heuR was expressed in the chuA mutant, cell-associated iron remained 261 significantly decreased compared to wild-type C. jejuni ( Figure 5B ). The heuR mutant exhibited increased resistance to hydrogen peroxide. We 274 observed a lack of alpha-hemolysis on blood plates on which the heuR mutant 275 was grown (data not shown). As alpha hemolysis is due to the formation of 276 methemoglobin in the presence of hydrogen peroxide, we hypothesized that the 277 heuR mutant may degrade hydrogen peroxide more readily than wild-type C. 278 jejuni. This was tested directly by incubating the heuR mutant in the presence of 279 hydrogen peroxide, which revealed that the mutant is resistant. Growth of wild-280 type C. jejuni was generally limited by hydrogen peroxide at concentrations 281 above 0.15 mM and exhibited an IC50 value of 0.233 mM ( Figure 6A ). In 282 contrast, the heuR mutant was unaffected by hydrogen peroxide with significantly 283 increased growth compared to wild-type C. jejuni at concentrations above 0.15 284 mM. As a result, the IC50 value was not experimentally determined and by 285 extrapolation was found to be 5.8 mM. The chuA mutant exhibited an 286 intermediate phenotype in the presence of hydrogen peroxide where growth 287 remained relatively unaffected until concentrations reached 0.60 mM, which was 288 significantly more growth than that of wild-type C. jejuni. As such, the chuA 289 mutant exhibited an IC50 of 0.526 mM, a more than two-fold increase compared 290 to wild-type C. jejuni, but approximately 10-fold lower than the heuR mutant. 291
Complementation of the heuR mutant with cloned heuR resulted in a slight 292 hypersensitivity compared to wild-type C. jejuni with an IC50 value of 0.203 mM 293 ( Figure 6B) . or the heuR mutant with cloned heuR were grown in the presence of increasing 301 hydrogen peroxide concentrations. All growth is expressed as a percentage of 302 that observed for each strain in media alone. Statistical analysis performed using 303 a Student's t test; * : p < 0.01. 304
305
Resistance of the heuR mutant to hydrogen peroxide is correlated with 306 increased catalase activity. We hypothesized that the elevated resistance of 307 the heuR mutant to hydrogen peroxide may result from increased catalase 308 activity. To determine whether this was the case, suspensions of strains were 309 normalized and added to 30% H 2 O 2 , revealing that wild-type C. jejuni carrying 310 empty vector was normally weakly positive (Table 3 ). In contrast, the heuR 311 mutant transformed with empty vector was strongly positive for catalase activity. 312
When heuR was re-introduced into the heuR background, catalase activity 313 decreased and cells resembled wild-type activity. Also, similar to wild-type C. 314 jejuni, the chuA mutant remained weakly positive, though the chuA mutant did 315 appear to exhibit more catalase activity than wild-type C. jejuni. 316 317 Using a TnSeq approach, we identified several determinants required by 321 C. jejuni for efficient colonization of the chicken gastrointestinal tract (4). One 322 determinant was a component of the Campylobacter heme utilization gene 323 cluster, chuB. In this work, we describe a regulator, which we have named 324
HeuR, which is also required for wild-type levels of colonization of the chicken 325 gastrointestinal tract. Additionally, because HeuR is predicted to contain a PAS 326 domain -a protein signature often associated with gas molecule and redox 327 potential sensing -and that it and chu are both required for chicken colonization, 328
we hypothesized that HeuR regulates heme uptake through chu gene 329
expression. 330
Recently, HeuR was also found to control expression of Cjj81176_1390, 331 as the gene product was overexpressed in a heuR mutant (13). The group that 332 identified this phenotype named HeuR the Campylobacter flagella interaction 333 regulator (CfiR) due to flagellar interactions that occurred in response to gene 334 disruption. This group further found that the gene product of Cjj81176_1390 335 forms dimers linked by a disulfide bridge that may be responsive to the redox 336 status of the cell (13). Our observations, recounted below, show that HeuR 337 controls more genes than just those that promote flagellar interactions, including 338 many that may be involved in combating oxidative stress (Figure 7) . As such, we 339 suggest that the designation CfiR does not accurately represent the full 340 regulatory role in the bacterium and it is our recommendation that the name be 341 changed to HeuR. is the outermembrane heme receptor. ChuBCD transport heme to the cytoplasm 348 of the cell where iron is liberated from by the heme oxygenase ChuZ. The heuR 349 mutant exhibits decreased expression of the chuABCDZ loci, decreased ability to 350 use heme and hemoglobin as a source of nutrient iron, and decreased cell-351 associated iron levels as a consequence. Additionally, the heuR mutant exhibits 352 decreased alpha hemolysis and increased catalase production. 353
354
As mentioned above, by RNAseq analysis of a heuR mutant strain, we 355 identified several genes whose mRNA products were significantly less abundant 356 in this background. Several of these were found to be involved in inorganic ion 357 transport and metabolism, including all the genes in the previously identified 358
Campylobacter heme utilization (chu) gene cluster. Transcript levels of several 359 genes involved in enterochelin transport were decreased in the mutant strain, but 360 were not identified by COG analysis as being involved in ion transport. As a 361 result, this COG analysis is not comprehensive as the number of genes in the 362
HeuR regulon that are involved in iron transport and metabolism is likely 363 underreported. Nevertheless, based on these results, it becomes apparent that 364
HeuR is primarily involved in maintaining sufficient levels of intracellular iron by 365 upregulating systems that can scavenge for iron from diverse sources, which is 366 supported by our ICP-MS data. 367
In addition to those genes that were underexpressed, transcripts of 368 several were more abundant in the heuR mutant. Most of these genes are in two 369 gene clusters: Cjj81176_1390-1394 and Cjj81176_1214-1217. The former, 370
Cjj81176_1390-1394, includes the overexpressed gene product (Cjj81176_1390) 371 noted above that promotes flagellar interactions, supporting both the previous 372 study and our work (13). The latter gene cluster that is upregulated includes one 373 gene that encodes an additional ion transporter and multiple genes predicted to 374 be involved in methionine biosynthesis. The methionine biosynthetic enzymes 375 encoded by these genes have been shown in other organisms to be sensitive to 376 oxidation/oxidative stress (14) . In an oxidative environment, these enzymes may 377 need to be replenished, and their inverse expression with that of iron scavenging 378 systems may be common. Whether upregulation of these genes is a direct or 379 indirect effect of HeuR is currently unknown. 380
Standard growth assays using the iron chelator, desferrioxamine, found 381 that both the heuR and chuA mutants are reduced for growth in iron-chelated 382 conditions. As this was observed in media without the addition of hemoglobin, it 383 may indicate that the Chu system is also partially responsible for the transport of 384 free iron into the cell. In this case, it would likely be an accessory system since 385 growth was completely restored in these mutants when iron was supplemented 386 back, indicating the presence of a robust, primary iron transport system. When 387 heme and hemoglobin were added to these mutants, growth was not restored, 388 supporting the conclusion that both are required for using heme as an iron 389 source. Re-introduction of heuR resulted in the ability to use heme as an iron 390 source, likely through the Chu system, as overexpressing heuR in the chuA 391 mutant did not enable the strain to use hemoglobin. 392
Analysis of cell-associated levels of iron showed that the heuR mutant is 393 significantly decreased for iron and that these levels resemble those of a chuA 394 mutant. Most of the iron reduction observed in these experiments is likely due to 395 decreased heme utilization, as cultures were obtained from media containing 396
sheep's blood. This is further supported by the observation that 397 complementation with heuR restores iron levels in a heuR mutant background, 398 but was unable to do so in a chuA mutant background. As our data indicates a 399 minor role for HeuR and the Chu system in acquiring iron independently of heme, 400
we are currently determining whether decreased iron is apparent in the heuR and 401 chuA mutants grown in media without heme or hemoglobin. This will help us 402 determine to what extent other iron sources are impacting cellular iron levels in 403 these mutants. 404
When the heuR mutant was grown on blood plates, differences in the 405 hemolytic pattern relative to wild-type C. jejuni became apparent. Typically, C. 406 jejuni exhibits alpha hemolysis on blood plates, likely due to the production of 407 hydrogen peroxide that oxidizes the hemoglobin in the blood to methemoglobin 408 (15). Alpha hemolysis was not observed in the heuR mutant, indicating that this 409 mutant either produces less hydrogen peroxide or exhibits increased catalase 410 activity. The mutant was highly resistant to hydrogen peroxide, which was 411 associated with elevated levels of catalase activity; re-introduction of heuR led to 412 both decreased resistance to hydrogen peroxide and catalase activity. Of the 413 genes known to regulate catalase activity in C. jejuni -including ahpC, fur, katA 414 and perR -none were found to be significantly up-or down-regulated in the heuR 415 mutant (data not shown). Also, since iron levels are similar in the chuA mutant, it 416 is unlikely that iron levels are responsible for the elevated catalase activity. Thus 417 we hypothesize that HeuR regulates the production of an unknown factor that 418 perhaps post-transcriptionally regulates the activity of C. jejuni catalase. We are 419 currently working to determine what this factor is. 420
The heuR mutant exhibited significant decreases in colonization of the 421 chicken cecum. This leads to two questions: i) is this system mainly required for 422 combating oxidative stress in the cecum or is it used for other cellular processes 423 and ii) is the system acquiring iron from a heme source or does it serve the dual 424 purpose of acquiring free iron from the environment. 425
Oxidative stress in the cecum may come from a variety of sources, like 426 metabolism by the intestinal microbiota or from the generation of reactive oxygen 427 species due to intestinal inflammation. While the Campylobacter-chicken 428 relationship is often considered to be commensal in nature, C. jejuni colonization 429 of the chicken gastrointestinal tract may result in low levels of transient 430 inflammation (Davis and DiRita, unpublished) (16-18). Also, while not mutually 431 exclusive, iron acquisition systems like Chu may be more important for acquiring 432 iron that can be used in other cellular processes including energy generation and 433 DNA replication (6). We are currently working to determine which of the 434 processes during chicken colonization iron is most important for. 435
Second, the question arises as to whether C. jejuni uses the Chu system 436 to acquire iron from either/or a heme or non-heme source. It is currently 437 unknown how much heme chickens consume in a commercial diet and we could 438 find no data on heme availability in their natural diet. With the exception of 439 higher plants that can produce heme in the plastids, the absence of heme 440 molecules in most grains, plants, and insects make it less obvious how chickens 441 would have access to heme-containing molecules (19) . The likelihood then 442 becomes that C. jejuni uses this system to either scavenges heme from a 443 microbial source or from the host. The C. jejuni 81-176 genome encodes all 444 heme biosynthetic enzymes with the exception of homologs for 445 protoporphyrinogen oxidase (hemY or hemG). As such, in an iron rich 446 environment, C. jejuni can likely synthesize its own heme. It could then use the 447 heme uptake system to recover heme from other Campylobacter or from heme 448 producing residents of the chicken microbiota. Lastly, it remains possible that 449 this system is able to transport free iron. While the heme receptor and heme 450 oxygenase (ChuA and ChuZ, respectively) would likely not be needed for free 451 iron transport, the accompanying ABC transport system (ChuBCD) may be 452 promiscuous and function similar to other iron transporters. We are currently were grown on MH agar supplemented with 10% whole sheep's blood and 10 482 µg/ml trimethoprim overnight at 37°C under microaerobic conditions. Cells were 483 harvested and grown on new media for a second night using the same 484 conditions. Following growth, cells were harvested from each individual plate 485 and RNA was extracted using a previously described protocol (20) . DNA was 486 degraded using Turbo DNA-free (Thermo) according to the manufacturer's 487 instructions and removal was confirmed by conventional PCR. RNA quality was 488 assessed using an Agilent 2100 Bioanalyzer and libraries were generated using 489 fragment was subcloned into pGEM-T Easy using the manufacturer's protocol 504 and sequenced using primers T7 and SP6. Fragments that were confirmed to 505 have maintained the full nucleotide sequence of heuR were excised using BamHI 506
and SalI and ligated into the expression vector, pQE-30 (Qiagen). Ligation 507 products were transformed into E. coli NEB C3013 and insertion was confirmed 508 using restriction digest of purified plasmids. 509
Induction of 6xHis-HeuR using 1 mM IPTG was confirmed for six 510 constructs by SDS-PAGE and Coomassie staining. One strain was used for 511 protein purification where a 1L culture was grown to mid-log and induced for 3h 512 at 37°C using 1mM IPTG. Cells were pelleted at 8,000 rpm for 20 min at 4°C 513 and re-suspended in 20 ml lysis buffer (pH 8.0) (50 mM NaH 2 PO 4 , 300 mM NaCl, 514 10 mM imidazole). The cell suspension was passed three times through a french 515 press and cell debris was removed by centrifugation at 8,000 rpm for 20 min at 516 4°C. The cleared lysate was added to 5 ml of NiNTA agarose that was pre-517 equilibrated with lysis buffer and rocked overnight at 4°C. This resin-protein 518 mixture was packed by gravity into a chromatography column and lysate was 519 passed through and collected. Non-specific proteins were removed by washing 520 the resin bed twice with 5 column volumes (25 ml) of wash buffer (pH 8.0) (50 521 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole). Bound protein was eluted four 522 times using 1 ml of elution buffer (pH 8.0) (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 523 mM imidazole). Successful purification of 6xHis-HeuR was verified by SDS-524 PAGE and Coomassie staining. Fractions containing the highest amount of 525
HeuR were pooled and dialyzed against storage buffer (50 mM Tris (pH 7.5), 150 526 mM NaCl, 0.5 mM EDTA, 0.02% Triton X-100, 2 mM DTT, 50% glycerol). 527
Concentrations of 6xHis-HeuR were determined using a BCA Protein Assay 528 (Pierce) and aliquots of protein were stored at -80°C. 529 530 Electrophoretic mobility shift assays. A specific DNA probe was generated 531 from the chuZA promoter region and a non-specific probe was generated from 532 the mapA-ctsW intergenic region by PCR of C. jejuni 81-176 genomic DNA. 533
Amplicons were purified using a PCR Purification Kit (Qiagen) and subsequently 534 end-labeled with [γ-32 P] ATP using T4 polynucleotide kinase (PNK) (New 535 England Biolabs). DNA binding reactions containing radiolabeled specific 536 (chuZA promoter) and non-specific probes (mapA-ctsW intergenic) at 537 approximately 0.25 nM, DNA binding buffer (10 mM Tris, pH 7.5, 50 mM KCl, 1 538 mM EDTA, 1 mM DTT, 5% glycerol), 25 ng/µl poly(dA-dT), and 100 µg/ml BSA 539 were incubated for 5 min at room temperature. Purified 6xHis-HeuR was diluted 540 two-fold in binding buffer and 1 µl containing 500, 250, 125, 60, 30, 15, 7.5, or 541 3.75 µg of protein was added to individual 19 µl binding reactions (20 µl total). 542
These reactions -and a control reaction without 6xHis-HeuR -were incubated 543 for 15 min at room temperature and subsequently resolved on a 5% 544 polyacrylamide native Tris-glycine gel at 4°C. Gels were imaged using a 545 Typhoon phosphoimager. 546 547 Hemoglobin and heme growth assays. For bacterial growth assays, C. jejuni 548 strains were grown overnight on tryptic soy agar plates supplemented with 5% 549 sheep blood and appropriate antibiotics (chloramphenicol and/or kanamycin). 550
The following day, plate cultures were utilized to inoculate 5 mL of Mueller-Hinton 551 broth supplemented with appropriate antibiotics. These liquid cultures were 552 incubated under shaking conditions at 37ºC overnight. The following day, 553 cultures were diluted 1:10 in fresh Mueller-Hinton broth (26) supplemented with 554 appropriate antibiotics (chloramphenicol and/or kanamycin) alone (Medium 555 Alone) or supplemented with 40, 80, 160 µM of the iron chelator desferrioxamine 556 mesylate (Sigma Aldrich) alone or in combination with 0.1 µg/mL of purified 557 human hemoglobin (1) or 0.1 µg/mL of hemin at 37°C in room air supplemented 558 with 5% CO 2 . Bacterial growth was measured using a spectrophotometric 559 reading at 600 nm (OD 600 ). Statistical analysis was performed using a Student's 560 t-test. 561 562 ICP-MS analysis. Cultures of wild-type C. jejuni DRH212, the heuR mutant, and 563 a chuA mutant, were grown overnight at 37°C under microaerobic conditions on 564 MH agar with 10% whole sheep's blood containing either 10 µg/ml trimethoprim 565 or 100 µg/ml kanamycin -for mutant strains. For complementation analysis, 566 wild-type with pECO102, the heuR mutant with pECO102, the heuR mutant with 567 pECOheuR, the chuA mutant with pECO102, and the chuA mutant with 568 pECOheuR were grown on MH agar with 10% sheep's blood containing either 569 chloramphenicol (30 µg/ml) alone -for wild-type -or chloramphenicol and 570 kanamycin (100 µg/ml) -for the plasmid-containing mutants. Cultures were 571 grown overnight under microaerobic conditions at 37°C. Strains were passed for 572 a second night on fresh media and harvested for iron quantification. 573
Approximately 10 10 cells were washed three times with 5 ml and re-suspended in 574 500 µl of molecular-grade, distilled water. Cells were solubilized overnight at 575 50°C in 1ml 50% nitric acid, followed by the addition of 9 ml of water. 576
Extracts were analyzed for 57 Fe using A Thermo Scientific ICAP Q 577 quadrupole inductively coupled plasma mass spectrometer in kinetic energy 578 
